The high-affinity ligand-binding form of unactivated steroid receptors exists as a multicomponent complex that includes heat shock protein (Hsp)90; one of the immunophilins cyclophilin 40 (CyP40), FKBP51, or FKBP52; and an additional p23 protein component. Assembly of this heterocomplex is mediated by Hsp70 in association with accessory chaperones Hsp40, Hip, and Hop. A conserved structural element incorporating a tetratricopeptide repeat (TPR) domain mediates the interaction of the immunophilins with Hsp90 by accommodating the C-terminal EEVD peptide of the chaperone through a network of electrostatic and hydrophobic interactions. TPR cochaperones recognize the EEVD structural motif common to both Hsp90 and Hsp70 through a highly conserved clamp domain. In the present study, we investigated in vitro the molecular interactions between CyP40 and FKBP52 and other stress-related components involved in steroid receptor assembly, namely Hsp70 and Hop. Using a binding protein-retention assay with CyP40 fused to glutathione S-transferase immobilized on glutathione-agarose, we have identified the constitutively expressed form of Hsp70, heat shock cognate (Hsc)70, as an additional target for CyP40. Deletion mapping studies showed the binding determinants to be similar to those for CyP40-Hsp90 interaction. Furthermore, a mutational analysis of CyP40 clamp domain residues confirmed the importance of this motif in CyP40-Hsc70 interaction. Additional residues thought to mediate binding specificity through hydrophobic interactions were also important for Hsc70 recognition. CyP40 was shown to have a preference for Hsp90 over Hsc70. Surprisingly, FKBP52 was unable to compete with CyP40 for Hsc70 binding, suggesting that FKBP52 discriminates between the TPR cochaperone-binding sites in Hsp90 and Hsp70. Hop, which contains multiple units of the TPR motif, was shown to be a direct competitor with CyP40 for Hsc70 binding. Similar to Hop, CyP40 was shown not to influence the adenosine triphosphatase activity of Hsc70. Our results suggest that CyP40 may have a modulating role in Hsc70 as well as Hsp90 cellular function.
INTRODUCTION
Cyclophilin 40 (CyP40), a 40-kDa cyclosporin A-binding immunophilin first identified in association with unactivated estrogen receptors (Ratajczak et al 1990 (Ratajczak et al , 1993 , ap-pears to have an accessory role with heat shock protein (Hsp)90 in chaperone protein-folding machinery essential for the activity of diverse intracellular signaling molecules, ranging from steroid receptors to regulatory tyrosine kinases, involved in cell cycle control (Duina et al 1996; Nair et al 1996; Weisman et al 1996) . CyP40 shares structural and sequence homology with FKBP51 and FKBP52, proteins of the FK506-binding class identified as common components of apo steroid receptor complexes (Lebeau et al 1992; Peattie et al 1992; Ratajczak et al 1993; Nair et al 1997) . These 3 large immunophilins are characterized by an N-terminal immunophilin-like domain together with a conserved C-terminal tetratricopeptide repeat (TPR) domain that provides an interface for protein interaction (Goebl and Yanagida 1991; Ratajczak et al 1993; Nair et al 1997) . All target an identical site within Hsp90 through this conserved C-terminal region to form separate steroid receptor complexes containing Hsp90 associated with only 1 of the immunophilins (Radanyi et al 1994; Owens-Grillo et al 1995; Ratajczak and Carrello 1996) .
In studies using rabbit reticulocyte lysate, the Toft, Smith, and Pratt laboratories have developed a dynamic model of steroid receptor assembly in which a newly synthesized receptor is conformationally regulated to a highaffinity hormone-binding form through cooperative interaction between the heat shock cognate (Hsc)70 and Hsp90 chaperone systems (Smith and Toft 1993; Johnson and Toft 1995; Smith et al 1995; Chen et al 1996a; Prapapanich et al 1996; Dittmar and Pratt 1997 , reviewed by Pratt and Toft 1997) . Hsc70 chaperone function is critically dependent on adenosine triphosphatase (ATPase) activity, and cycles of adenosine triphosphate (ATP) binding and hydrolysis modulate substrate interaction and release (Cyr et al 1994; Hö hfeld et al 1995; Hartl 1996; Minami et al 1996) . In the early stages of receptor assembly, accessory proteins Hsp40, Hip, and Hop sequentially regulate the Hsc70 reaction cycle to enhance the formation of receptor-Hsc70-Hsp90 complexes (Bohen et al 1995; Prapapanich et al 1996; Frydman and Hö hfeld 1997) . It has been suggested that Hop, which can associate simultaneously with Hsc70 and Hsp90, may promote the efficient transfer of receptor from Hsc70 to Hsp90 (Frydman and Hö hfeld 1997) . Dissociation of Hop and other Hsc70 chaperone components then allows recruitment of p23 and one or other of the immunophilins to furnish mature receptor complexes (Prapapanich et al 1996; Dittmar and Pratt 1997; Frydman and Hö hfeld 1997; Pratt and Toft 1997) . These additional, late-stage components are capable of independent chaperone activity (Bose et al 1996; Freeman et al 1996) , suggesting that they might, either directly or indirectly via Hsp90, fine-tune receptor conformation for optimal hormone binding and activation.
Interestingly, the 3 immunophilins CyP40, FKBP51, and FKBP52 and the chaperone cofactors Hip and Hop all possess structurally related TPR motifs that mediate their association with Hsp90 or Hsc70 (or both) (Honoré et al 1992; Ratajczak et al 1993; Radanyi et al 1994; Hö hfeld et al 1995; Chen et al 1996a; Ratajczak and Carrello 1996; Frydman and Hö hfeld 1997; Lässle et al 1997) . Hop, which displays a bipartite recognition of both Hsp90 and Hsc70 through separate TPR domains (Honoré et al 1992; Chen et al 1996a; Lässle et al 1997) , competes effectively with the immunophilins for Hsp90 binding (Owens-Grillo et al 1996) . Similar observations have been noted with a TPR domain fragment of PP5, a serine protein phosphatase identified as an additional component of the unactivated glucocorticoid receptor (Chen et al 1996b; Silverstein et al 1997) . Together, these results have led to suggestions of a common TPR interaction site within Hsp90 (Owens-Grillo et al 1996) . In the Hsc70 chaperone system, Hip targets the Hsc70 ATPase domain (Hö hfeld et al 1995) . The presence of Hop, together with Hsp90 and Hsc70, in Hip-targeted immunoprecipitates suggests distinct interaction sites for Hip and Hop in Hsc70 chaperone machinery (Prapapanich et al 1996) . Indeed, the interaction domain for Hop has been determined to reside within the C-terminal segment of Hsc70 Demand et al 1998) . The C-terminal domain of Hsp90 has also been identified as the interaction site for Hop and TPR-containing immunophilins (Chen et al 1998; Demand et al 1998; Young et al 1998; Carrello et al 1999) , and this has been further delineated to the EEVD sequence at the extreme C-terminus of Hsp90 (Chen et al 1998; Carrello et al 1999; Liu et al 1999; Scheufler et al 2000) , an interaction motif that is conserved in Hsp70-Hsc70 chaperones (Freeman et al 1995) .
Crystal structure determinations for the C-terminal peptides of Hsp70 (GSGSGPTIEEVD) and Hsp90 (MEEVD) with distinct TPR domains in Hop have shown the EEVD motif to be anchored through a similar network of electrostatic interactions with specific residues located in the so-called binding groove (Scheufler et al 2000) . Hydrophobic contacts, especially those implicating the isoleucine and methionine residues upstream of the EEVD sequence in Hsp70 and Hsp90, respectively, play a critical role in targeting the chaperones to specific TPR domains (Scheufler et al 2000; Brinker et al 2002) . Selective chaperone recognition is achieved by the accommodation of these 2 residues within different hydrophobic pockets of the TPR domains (Scheufler et al 2000; Brinker et al 2002) .
Previous studies have demonstrated that Hsp70 selectively targets the TPR domains in small glutamine-rich TPR protein (SGT) (Liu et al 1999; Wu et al 2001; Tobaben et al 2001) and within the N-terminal region of Hop (Chen et al 1996a; Lässle et al 1997; Liu et al 1999; Scheufler et al 2000) . On the other hand, the single TPR domain of the cochaperone CHIP is less discriminatory and can bind either Hsp90 or Hsp70 (Prihar et al 1999; Connell et al 2001; Hö hfeld et al 2001) . Here, we present evidence that the Hsp90 cochaperone, CyP40, although displaying a preference for Hsp90, also interacts with Hsc70. Deletion mapping experiments demonstrated remarkably similar CyP40 structural requirements for interaction with either of the chaperones. CyP40-Hsp90 binding was more sensitive to mutation of core TPR residues involved in forming the primary anchor for the EEVD motif, consistent with the higher binding affinity evident for this interaction. Hop was shown to be an efficient competitor with CyP40 for Hsc70 binding, whereas FKBP52 was unable to compete effectively, suggesting that this immunophilin is selective for Hsp90 interaction. Finally, our study shows that similar to Hop, CyP40 does not alter the ATPase function of Hsp70. Although the biological relevance of CyP40-Hsc70 interaction remains to be established, it is possible that CyP40 has an accessory role in Hsc70 as well as Hsp90 cellular function.
MATERIALS AND METHODS

Generation of CyP40-derived expression constructs
The preparation of expression plasmids for wild-type and mutant hCyP40 185-370 proteins, fused at the N-terminal end to glutathione S-transferase (GST), has been described previously (Ward et al 2002) . Plasmids for the protein GST-bCyP40 WT and several deletion mutants (GST-bCyP40 91-370, GST-bCyP40 185-370, GST-bCyP40 1-352, GST-bCyP40 ⌬17-213, and GST-bCyP40 1-213) were generated by polymerase chain reaction (PCR) from a bCyP40 complementary deoxyribonucleic acid (cDNA) template and cloned into the pGEX-2T expression vector (Amersham Biosciences, Little Chalfont, UK) as described previously (Ratajczak and Carrello 1996) .
For untagged wild-type bovine CyP40, a bCyP40 cDNA template was amplified by PCR using sequencespecific oligonucleotide 5Ј and 3Ј primers containing Nde1 and BamH1 restriction enzyme sites, respectively. A TGA stop codon was placed immediately before the BamH1 site. The PCR fragment was ligated into pGEM-T (Promega Corp., Madison, WI, USA), and the sequence integrity of both ends of the insert in an isolated clone was confirmed by automated sequence analysis (Applied Biosystems, Foster City, CA, USA). A Xho1 to Bcl1 fragment excised from a WT bCyP40 cDNA was substituted to eliminate PCR-generated errors within this region. A fulllength bCyP40 fragment produced by Nde1 and BamH1 digestion was then cloned into the pET-11 plasmid vector. The pET-11-bCyP40 WT expression plasmid was transformed into the Escherichia coli expression host BL21 (DE3). Overexpression of wild-type bovine CyP40 was induced by 0.4 mM isopropyl b-D-thiogalactoside (IPTG), and lysates of recombinant CyP40 were prepared as described below.
Expression and purification of GST-CyP40 fusion proteins
Expression plasmids for all GST-CyP40-related fusion proteins were transformed in E coli strain BL21 (DE3).
The fusion proteins were purified from lysates derived from 0.2 mM IPTG-induced bacterial cultures by affinity chromatography on glutathione-agarose (Amersham Biosciences), as detailed previously (Ratajczak and Carrello 1996; Ward et al 2002) . Eluted protein was equilibrated into buffer A (100 mM KCl, 10 mM Tris-HCl, pH 7.3) using Centricon YM-30 centrifugal filter devices (Millipore, Bedford, MA, USA). Protein concentrations were determined by the Bradford assay (Bradford 1976) , and the purity of fusion protein preparations was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie blue staining.
Recombinant Hsc70, Hsp90␤, FKBP52, and Hop
Expression plasmids for rat Hsc70 and human Hop and aminoterminal His-tagged human Hsp90␤ and FKBP52 have been described previously and were generous gifts provided by JO Thomas (Shi and Thomas 1992) , DF Smith (Chen et al 1996a) , CT Walsh (Shi et al 1994) , and D Peattie (Peattie et al 1992) , respectively. The expression plasmid for the ATPase domain of Hsc70, corresponding to the first 402 amino acids of the protein, was derived from the parent full-length rat Hsc70 expression plasmid using PCR. After digestion with Nde1 and BamH1, the amplified deoxyribonucleic acid fragment was cloned into the corresponding sites of a pET-11 expression vector, and sequence integrity was validated by sequence analysis. The expression plasmid for full-length His-tagged rat Hsc70 was prepared by releasing the Hsc70 insert from the parent plasmid with Nde1 and BamH1 digestion, followed by subcloning into pET-28a (ϩ) (Novagen, Madison, WI, USA). The expression plasmid for His-tagged human Hsp90␤ 527-724 was prepared by PCR using sequencespecific oligonucleotide primers, which allowed the introduction of Nde1 sites at both termini. The amplified fragment was cloned into the pET-28a (ϩ) vector and checked for sequence fidelity. The proteins were overexpressed in bacterial cultures by induction with IPTG (0.1-1 mM). Bacterial lysates were prepared by sonication in lysing buffer (Hsc70, Hop: 10 mM Tris, pH 7.3, containing 100 mM KCl, 1 mM dithiothreitol, 0.2% vol/vol Triton X-100, and 1 mg/mL lysozyme; His-tagged FKBP52, Hsp90␤ and Hsc70 proteins: 16 mM disodium hydrogen orthophosphate, pH 7.4, containing 0.15 M NaCl, 1% Triton X-100, 5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 5 mM benzamidine) and were cleared of particulate material by ultracentrifugation (100 000 ϫ g for 30 minutes at 4ЊC). Where indicated, both His-tagged FKBP52, Hsp90␤, and Hsc70 were purified from crude lysates by chromatography on nickel-nitrilotriacetic acid (Ni-NTA)-agarose (Qiagen, Gmbh, Germany) according to the manufacturer's instructions. Before use in interaction studies with CyP40, all recombinant FKBP52, Hsp90␤, and Hsc70 proteins were equilibrated in binding buffer A. For enzyme-linked immunosorbent assay (ELISA) microtiter plate binding studies (see below), purified His-tagged Hsp90␤ 527-724 and Hsc70 proteins were equilibrated with NaHCO 3 , pH 8.5.
Hsc70 binding studies
Hsp70 retention by CyP40 was initially observed in studies with bovine myometrial cytosol under conditions previously described for Hsp90-CyP40 interaction (Ratajczak and Carrello 1996) . Briefly, glutathione-agarose charged with GST-bCyP40 185-370 fusion protein was diluted 5-fold with Sepharose 4B, and 40 L of the diluted gel was then incubated with rotation for 6 hours at 4ЊC with 200 L of cytosol prepared in binding buffer (10 mM Tris, pH 7.3, containing 100 mM KCl, 5 mM dithiothreitol, and 10% vol/vol glycerol). After brief microcentrifugation, the pelleted gel was washed eight times with 500 L of icecold binding buffer, the first 4 washes containing 0.2% vol/vol Triton X-100. The washed agarose was resuspended in 50 L of 2ϫ SDS-PAGE sample buffer, boiled for 5 minutes, and examined for retained proteins by SDS-PAGE with Coomassie blue staining or by Western analysis using the N27 monoclonal antibody to Hsp70 (a generous gift from W. Welch). Interaction studies of Hsc70 with GST-bCyP40 185-370 or with GST as control were performed with similar methodology using 400 L of induced Hsc70 bacterial lysate.
In experiments designed to examine the binding preference of CyP40 for Hsc70 vs Hsp90, Hsc70 bacterial lysate was supplemented with chelate chromatography-purified, His-tagged Hsp90␤ to give extracts with Hsp90 to Hsc70 ratios of 1:1, 1:5, and 5:1. Glutathione-agarose containing preabsorbed GST-bCyP40 185-370 fusion protein was diluted with an equal volume of Sepharose 4B, and the diluted gel (50 L) was then incubated with the mixed Hsp90-Hsc70 preparations (1.35 mL final volume), as described and assessed for Hsp90 and Hsc70 retention by SDS-PAGE.
The ELISA microtiter plate assay for investigating GSThCyP40 185-370 interactions with His-rHsc70 and HishHsp90␤ 527-724 has been described previously (Ward et al 2002) . Briefly, using Immulon 4HBX 96-well microtiter plates (Dynex Laboratories Inc, Chantilly, VA, USA), approximately 0.4 M rHsc70 or 40 nM Hsp90␤ 527-724 in 100 mM NaHCO 3 (pH 8.5) was applied in 50 L aliquots to triplicate wells for each sample and incubated at 4ЊC for 3 hours (for each sample, an equivalent amount of bovine serum albumin [BSA] [Promega Corp.] was added to adjacent wells in triplicate as a control for nonspecific binding). All the following steps were as described previously, except that GST-hCyP40 185-370, goat anti-GST, and rabbit anti-goat IgG-HRP were applied in 50 L volumes. GST-hCyP40 185-370 wild-type and mutant proteins were bound to Hsc70 and Hsp90␤ 527-724 at concentrations of 2.5 and 0.5 M, respectively. An assay with GST as control was run in parallel. The resultant color change was quantified at 450 nm using a Titertek Multiskan PLUS spectrophotometer (Flow Laboratories, Australasia Pty Ltd, North Ryde, NSW, Australia). Assays were repeated at least 3 times. Results described in Figure  4B were derived after subtraction of binding levels seen with GST alone. These were 12% and 1.5% of that achieved by wild-type GST-hCyP40 185-370 interaction with Hsc70 and Hsp90␤, respectively.
bCyP40-Hsc70 interaction studies in the presence of FKBP52 and Hop
For experiments with FKBP52, duplicate 100-L aliquots of Hsc70 bacterial lysate were supplemented with 200 L of binding buffer or nickel-chelate chromatography-purified recombinant FKBP52. After adjusting volumes to 500 L with binding buffer, all samples were incubated for 3 hours at 4ЊC. The mixtures were rotated for an additional 5 hours at 4ЊC with 50 L of Sepharose 4B-diluted (1:1) glutathione-agarose charged with GST-bCyP40 185-370 fusion protein, and retained proteins were analyzed by SDS-PAGE as described. For comparison, the binding of CyP40 to Hsp90 in the presence of FKBP52 was investigated in a parallel study, under identical conditions.
CyP40 binding to Hsc70 and Hsp90 in the presence of Hop was studied using similar methodology. Briefly, 0, 10, 20, 50, 100, and 200 L aliquots of induced Hop bacterial lysate was added to separate 200-L aliquots of Hsc70 lysate, and the final volume for all samples was adjusted to 500 L with binding buffer. After 3 hours at 4ЊC, the extracts were rotated for 5 hours at 4ЊC with 50 L of diluted glutathione-agarose-containing GSTbCyP40. Proteins retained on the resin were recovered with 2ϫ SDS-PAGE sample buffer and analyzed by SDS-PAGE. A parallel study with 200 L of uninduced Hop lysate was conducted as control. For the corresponding experiment with Hsp90, we preincubated extracts (150 L) containing nickel chelate chromatography-purified Hsp90 with 0-to 1.0-mL aliquots of the same induced Hop bacterial lysate in a total volume of 1.2 mL. After incubation with resin containing immobilized GSTbCyP40, retained proteins were recovered with SDS-PAGE sample buffer and analyzed as described. Protein bands were quantitated by densitometric scanning using Image Quant (Molecular Dynamics, Sunnyvale, CA, USA) software. Fig 2A) was incubated with rotation for 6 hours at 4ЊC with bovine myometrial cytosol (200 L) prepared in binding buffer. After centrifugation, the gel was washed eight times with binding buffer, the first 4 washes containing 0.2% vol/vol Triton X-100. Retained proteins (lane 2) were extracted from the gel with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and were analyzed by SDS-PAGE on a 10% wt/vol polyacrylamide gel followed by Coomassie blue staining. Fusion protein-charged gel not exposed to cytosol was used as control (lane 1). (B) A parallel study was performed as in (A) except that proteins separated by SDS-PAGE were electrotransferred to nitrocellulose membrane (Amersham Boisciences) and immunoblotted with N27 (Hsp70) monoclonal antibody. (C) GST and GST-bCyP40 185-370 were immobilized on glutathione-agarose and the protein-charged gels (40 L) were incubated as described in (A) with bacterial lysate (400 L) containing recombinant Hsc70. Contaminating proteins were removed by washing, and retained proteins were analyzed by SDS-PAGE on a 12.5% polyacrylamide gel followed by Coomassie blue staining. Proteins recovered with GST (control) are shown in lane 2. Protein molecular weight markers (Pharmacia) are shown on the left (panel A) and on the right (panel C). BPB, bromophenol blue.
ATPase assays
Purification of human Hsp70 and yeast Ydj-1 proteins used in ATPase assays was performed as described previously (Johnson et al 1998) . The Hsp70-catalyzed hydrolysis of ATP was measured according to previously described methodology (Bochner and Ames 1982) . Briefly, Hsp70 (2 M) was incubated with 1 M [␣ 32 P]ATP (2 mCi/mL, DuPont NEN, Boston, MA, USA) at 30ЊC for 20 minutes in a buffer containing 40 mM N-2-hydroxythylpiperazine-NЈ-2-ethane-sulfonic acid-KOH, pH 7.4, 50 mM KCl, 2 mM MgCl 2 , and 2 mM dithiothreitol. Reactions were stopped by the addition of an equal volume of a ''stop'' solution containing unlabeled adenosine 5Ј monophosphate, adenosine 5Ј diphosphate (ADP), ATP, and ethylenediamine-tetraacetic acid (12 mM each). Ydj-1, the yeast homologue of Hsp40 (Caplan and Douglas 1991) , was added to some samples at one-tenth the molar concentration of Hsp70 or at 200 nM. CyP40 was added at one, two, or four times the molar concentration of Hsp70, either in the absence or in the presence of Ydj-1.
Thin-layer chromatography (TLC) was used to assess the extent of ATP hydrolysis. Aliquots (2.5 L) of each ATPase reaction were spotted on cellulose PEI TLC sheets (Selecto Scientific Inc, Suwanee, GA, USA), and ascending chromatography in 0.5 M LiCl and 2 N formic acid was performed for 1 hour at room temperature. After completion of chromatography, the TLC plates were air-dried, and the radioactive spots corresponding to ADP and ATP were quantified by the STORM-840 phosphorimaging system (Molecular Dynamics). The ratio of ADP to ATP was used to calculate percent ATP hydrolysis. A blank consisting of all the reaction components, added to the stop solution at the zero reaction time point, was run at each concentration of CyP40 protein assayed. The data plotted in Figure 7 were derived from the mean results of 3 independently performed experiments.
RESULTS
The interaction site for Hsc70 is located in the CyP40 C-terminal domain
We have previously shown that the critical regions for Hsp90 binding reside in the C-terminal half of CyP40 and include the TPR domain together with acidic and basic elements flanking the N-and C-terminal ends of the TPR domain, respectively (Ratajczak and Carrello 1996) . All these structural features are retained in the GST-bCyP40 185-370 fusion protein (Ratajczak and Carrello 1996) , which is deleted in the N-terminal, cyclophilin-like domain. Use of this construct, immobilized on glutathioneagarose, in pull-down assays for Hsp90 binding showed the clear retention of Hsp90 from bovine myometrial cytosol and suggested that additional protein(s), approximately 70 kDa in size, might also be retained ( Fig 1A,  lane 2) . Our contention that the observed minor protein bands represented Hsp70 was confirmed by Western analysis of the same extracts using a Hsp70-specific monoclonal antibody (Fig 1B, lane 2) . By performing the pull-down assay with bacterial lysates containing the recombinant 70-kDa Hsc protein (Hsc70), we were able to is shown schematically and includes the acidic domain, the tetratricopeptide repeat domain (shaded) and putative calmodulin (CaM) binding site (black). Also shown are glutathione S-transferase (GST)-bCyP40 WT and CyP40 deletion mutants (Ratajczak and Carrello 1996) . GST was fused in-frame to the 5Ј end of CyP40 complementary deoxyribonucleic acid fragments. Numbers refer only to CyP40 amino acids. (B) Wild-type bCyP40 and its deletion mutants were immobilized as GST fusion proteins on glutathione-agarose and assayed for Hsc70 binding as described in Figure 1 . In each lane, the corresponding bCyP40 construct is identified by the major protein band.
demonstrate the direct interaction of CyP40 with members of the Hsp70 protein family (Fig 1C, lane 1) . In addition, our results showed that the C-terminal domain of CyP40 mediates Hsc70 interaction. Under conditions that were identical to those used for interaction studies with full-length Hsc70, we were unable to observe retention of the bacterially expressed Hsc70 ATPase domain on glutathione-agarose gel charged with GST-bCyP40 185-370 fusion protein (data not shown). CyP40 then, does not recognize the ATPase domain of Hsc70.
Similar CyP40 structural requirements for Hsp90 and Hsc70 interaction
To better define the CyP40-binding domain for Hsc70, we made use of the same GST-based CyP40 deletion mutants previously used in mapping studies for CyP40-Hsp90 interaction (Ratajczak and Carrello 1996) (Fig 2A) . In addition to the N-terminal deletions 91-370 and 185-370, these included the ⌬17-213 construct, which has a disrupted acidic domain, and the 1-352 fusion protein, which is missing a positively charged ␣-helical region downstream of the core TPR domain (Ratajczak and Carrello 1996; Taylor et al 2001) . Results of pull-down assays with Hsc70 bacterial lysates showed that efficient Hsc70 binding was displayed by all constructs having an intact C-terminal domain (Fig 2B) . The N-terminal 1-213 region of CyP40 was unable to mediate Hsc70 interaction ( Fig  2B) . Deletion of the extreme C-terminal domain (as in constructs 1-352 and 185-352) and partial deletion of the acidic domain (as in ⌬17-213) led to a dramatic loss of Hsc70 binding efficiency (Fig 2B) . Our results suggested that multiple C-terminal elements of CyP40, incorporating the TPR domain and adjacent acidic and basic regions, are important for determining Hsc70 interaction. Significantly, our results also indicated that the structural requirements for CyP40 binding to Hsp90 and Hsc70 appear to be similar.
CyP40 has a binding preference for Hsp90 over Hsc70
Having shown that CyP40 is able to bind both Hsp90 and Hsc70, we next examined whether CyP40 displays a binding preference for one Hsp over the other. Figure 3 shows the results of a binding study in which the C-terminal 185-370 construct was exposed to bacterial lysates containing either recombinant Hsc70 (lane 4) or Hsp90 (lane 5) alone or to lysate mixtures in which the ratios of Hsp90 to Hsc70 during incubation were 1:1 (lane 1), 1:5 (lane 2), and 5:1 (lane 3). When exposed to equal concentrations of the Hsps, the 185-370 construct displayed a preferential interaction with Hsp90 (Fig 3, lane 1) . This same binding preference was still evident at Hsc70 levels that were 5-fold greater than those of Hsp90 (Fig 3, lane  2) . In parallel experiments, under the same reaction conditions, we were unable to detect Hsc70 interaction with His-tagged Hsp90 immobilized on nickel-chelate agarose (not shown) thus discounting possible interference in our study from this mode of interaction. Taken together, our results show clearly that CyP40 has a preferential affinity for Hsp90.
Mutational analysis of the interaction site for Hsc70 in CyP40
Investigations of Hsp70 and Hsp90 interaction with Hop have defined an association between the C-terminal regions of these chaperones, incorporating the conserved EEVD motif, with TPR domains located at the N-terminal end of Hop (TPR1) and centrally in the Hop protein (TPR2A), respectively (Chen et al 1996a (Chen et al , 1998 Lässle et al 1997; Demand et al 1998; Young et al 1998; Carrello et al 1999; Liu et al 1999; Scheufler et al 2000) . Both Hsc70 and Hsp90 recognize TPR-containing cochaperones through a fingerprint 2-carboxylate clamp motif resulting from electrostatic interactions between the aspartate residue in the common C-terminal EEVD peptide and conserved residues within the TPR domain (Scheufler et al 2000) . The binding is stabilized through hydrophobic interactions with the penultimate valine residue serving a general anchoring role for the EEVD sequence and the isoleucine and methionine residues within the extended respective C-terminal peptides for Hsc70 (GAGSGPT-IEEVD) and Hsp90 (MEEVD) functioning as the major determinants of binding specificity (Scheufler et al 2000; Wu et al 2001; Brinker et al 2002) .
To gain further insights into the structural elements within TPR domains that might favor binding selectivity for C-terminal regions in Hsp70 and Hsp90, we aligned the TPR1 sequence of Hop with the corresponding sequences of other Hsp70-binding TPR proteins, namely SGT (Liu et al 1999; Tobaben et al 2001; Wu et al 2001) and CHIP (Ballinger et al 1999; Liu et al 1999; Prihar et al 1999) , in addition to CyP40 (Fig 4A) . Similar to CyP40, CHIP is capable of binding Hsp90 as well as Hsc70 (Prihar et al 1999; Connell et al 2001; Hö hfeld et al 2001) . The aligned sequences were used to derive a consensus sequence for Hsp70 interaction (Fig 4A) . A similar approach, based on the alignment of Hsp90-binding TPR domains described previously by Scheufler et al (2000) , was used to obtain a consensus interaction sequence for TPR proteins with Hsp90 (Fig 4A) . Although the 2 consensus binding sequences for Hsp70 and Hsp90 were remarkably similar, some differences were noted. Specifically, within the first TPR unit, the negative charge conserved at position 3 in Hsp70-binding proteins was retained in only 2 of 8 proteins interacting with Hsp90, including CyP40. Similarly, within the third TPR unit, the negatively charged residues at amino acid positions 19 and 33 were retained only in 2 of 8 and 1 of 8 TPR proteins that bind to Hsp90, respectively. On the other hand, an aspartate residue that is highly conserved at position 23 of the third TPR unit among Hsp90-binding TPR proteins was retained in only 1 interactant (CyP40) with Hsp70.
Of the amino acids N-terminal to the EEVD motif, the isoleucine residue within the Hsp70 C-terminal peptide, GPTIEEVD, contributes most to specific recognition of TPR1, the N-terminal TPR domain of Hop (Scheufler et al 2000; Brinker et al 2002) . X-ray crystallographic data have revealed the isoleucine to be accommodated in a hydrophobic cavity formed by the residues Ala46, Ala49, and Lys50, within the second repeat of TPR1 (Scheufler et al 2000) . These residues correspond to Ala281, Leu284, and Lys285 in CyP40, suggesting that the binding cavity for isoleucine is partially conserved within the CyP40 TPR domain.
We have previously performed a structure-based mutational analysis of selected residues within the CyP40 TPR domain to identify key residues required for efficient interaction with Hsp90 (Ward et al 2002) . Thus, 5 residues-Lys227, Asn231, Asn278, Lys308, and Arg312-corresponding to the 2-carboxylate clamp motif in CyP40 ( Fig 4A) were shown to be essential for Hsp90 binding. Three other residues-Phe234, Leu284 and Lys285 ( Fig  4A) -contributed significantly to the interaction. As noted above, these residues may also play a role in determining chaperone-binding specificity. Using an ELISA microtiter plate assay with purified His-tagged fulllength rat Hsc70 and CyP40 185-370 wild-type and mutated proteins fused to GST, we next examined these same 8 residues for their contribution to CyP40-Hsc70 interaction. The corresponding assay with His-tagged human Hsp90␤ 527-724 was performed in parallel. This served as a control and also allowed a direct comparison of the relative importance of these residues for CyP40 interaction with both chaperones. Consistent with our previously published data for Hsp90, mutation of the CyP40 residues involved in forming the 2-carboxylate clamp (ie, Lys227Ala, Asn231Asp, Asn278Asp, Lys308Ala, and , and CHIP (residues 26-127) with the TPR units of CyP40 (residues 223-340). All sequences are of human origin. Residues of the 34 amino acid TPR consensus sequence (Sikorski et al 1990) are indicated by motif numbering above the alignment and are shown in bold. Residues that determine chaperone specificity are indicated in white on a gray background. CyP40 residues that were mutated for this study are denoted beneath the alignments and correspond to those associated with the 2-carboxylate clamp (filled circles) and chaperone specificity (open circles). The consensus sequence for Hsc70-interacting proteins was determined on the basis of 3 of 4 residues being identical or conserved in charge (Ϫ for Glu or Asp; ϩ for Lys or Arg) or hydrophobic residue (⌽). The consensus for Hsp90-interacting proteins was derived from an alignment of Hsp90-binding TPR domains (TPR2A of Hop, PP5, FKBP51, FKBP52, CyP40, TOM34, TOM70, and CNS1, see Figure 3 Scheufler et al 2000) and was determined on the basis of 5 of 8 conforming residues. (B) Wildtype or mutant GST-hCyP40 was incubated with full-length Hsc70 or hHsp90␤ 527-724 bound to the wells of a microtiter plate, and the amount of bound CyP40 was detected by incubating with goat anti-GST antibody followed by rabbit anti-goat IgG antibody conjugated to horseradish peroxidase and 3,3Ј,5,5Ј-tetramethylbenzidine as substrate. Binding is expressed as a percentage relative to that of wild-type CyP40 185-370 and represents the mean (bars, ϮSE) for at least 3 separate assays, each assay being performed in triplicate. Asterisks denote a significant difference (P Ͻ 0.05) in percent relative binding of mutants to Hsc70 and hHsp90␤ 527-724. CyP40, cyclophilin 40; GST, glutathione Stransferase; SGT, small glutamine-rich TPR protein.
Arg312Ala) led to low binding levels, whereas intermediate levels of interaction were seen with remaining mutants (Phe234Ala, Leu284Ala, and Lys285Ala) (Fig 4B) . All the mutations had a pronounced negative impact on CyP40-Hsc70 interaction (Fig 4B) . However, the variability in binding levels was much less than that observed with Hsp90, suggesting a more uniform contribution of the residues to Hsc70 recognition. Interactions via the 2-carboxylate clamp (ie, those involving Lys227, Asn231, Asn278, Lys308, and Arg312) appeared to be more markedly affected by the mutations in CyP40 binding to Hsp90 as against Hsc70, indicating that the primary EEVD anchor for Hsp90 is better accommodated in the CyP40-binding groove. On the other hand, our results suggest that CyP40-Hsc70 recognition might be favored in secondary interactions with residues such as Phe234 and , and all volumes were adjusted to 500 L with binding buffer. After brief mixing, the extracts were allowed to stand at 4ЊC for 3 hours. Glutathione-agarose (50 L) containing immobilized GST-bCyP40 fusion protein was added to each tube and the mixtures were incubated with rotation for an additional 5 hours at 4ЊC. Gel-retained proteins were extracted with SDS-PAGE sample buffer and analyzed by SDS-PAGE with Coomassie blue staining. A parallel study with 200 L of uninduced Hop lysate in Hsc70 bacterial lysate was conducted as control. (D) Induced Hop bacterial lysate was added in 0, 0.02, 0.05, 0.1, 0.2, 0.5, and 1.0 mL aliquots to tubes containing extracts (150 L) of purified, recombinant Hsp90. Total volumes were adjusted to 1.2 mL and after preincubation for 3 hours at 4ЊC the mixtures were rotated with glutathione-agarose (50 L) charged with GST-bCyP40 fusion protein. Gel-retained proteins were determined by SDS-PAGE as described. Results from a parallel study using 1.0 mL of uninduced Hop bacterial lysate served as control. (E) After quantitation of Hsc70 and GST-bCyP40 protein in (C) by densitometric scanning, the amount of Hsc70 bound to gel-immobilized GST-bCyP40 was expressed relative to that observed before the addition of induced Hop lysate as control (100%). (F) Hsp90 and GST-bCyP40 proteins in (D) were quantitated by densitometry, and retained Hsp90 was expressed relative to that bound in the absence of induced Hop lysate as control (100%).
Leu284 (Fig 4B) , both predicted to determine binding specificity.
Hop and FKBP52 differ in their ability to compete with CyP40 for Hsc70 binding
CyP40 and FKBP52 target an identical interaction site in Hsp90 (Radanyi et al 1994; Owens-Grillo et al 1995; Ratajczak and Carrello 1996) . The binding is mediated by a conserved C-terminal domain, suggesting that these immunophilins present a unique binding surface that is conducive for stable association with Hsp90. Because identical structural elements within CyP40 appear to be involved in the recognition of both Hsp90 and Hsc70, we next tested the influence of FKBP52 on CyP40-Hsc70 interaction. Figure 5A , lanes 1 and 3, shows that similar levels of Hsc70 and Hsp90, respectively, were retained by GST-bCyP40 185-370 resin after exposure of the gel to bacterial lysates containing the recombinant Hsps. Preincubation of these same lysates with equal quantities of recombinant FKBP52 confirmed the inhibition of Hsp90 binding to CyP40 (Fig 5A, compare lanes 3 and 4) , but for wild-type bCyP40 was added to the diluted gel (40 L), and after dilution to 500 L total volume with binding buffer containing 35 mM imidazole and 0.2% Triton X-100, the mixture was rotated at 4ЊC for 3 hours. After removal of unbound proteins by successive washing, the gel containing Hsp90-bound CyP40 was exposed to 0, 100, 200, and 400 L of induced Hsc70 bacterial lysate. Reaction volumes were brought to 500 L with binding buffer containing imidazole and Triton X-100, and incubation was continued with rotation at 4ЊC for 3 hours. Gel-retained proteins were recovered with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and analyzed by SDS-PAGE with Coomassie blue staining. Glutathione-agarose containing immobilized GST-bCyP40 was mixed 1:5 with Sepharose 4B. The diluted gel (40 L) was incubated as described above with 400 L of Hsc70 lysate and gel-retained proteins were analyzed by SDS-PAGE. GST, glutathione S-transferase.
the amount of Hsc70 retained was relatively unaltered (Fig 5A, compare lanes 1 and 2) . When expressed in quantitative terms, the presence of FKBP52 decreased the Hsp90-CyP40 ratio from 0.32 to 0.08 (Fig 5A, lanes 3 to  4) , whereas the corresponding Hsc70-CyP40 ratio was only marginally decreased from 0.35 to 0.28 (Fig 5A,  lanes 1 to 2) . The result confirms previous observations that FKBP52 does not interact directly with Hsp70 family members and signifies a divergence in the behavior of CyP40 and FKBP52. That is, whereas CyP40 displays a dual recognition of Hsp90 and Hsc70, FKBP52 has specificity for Hsp90.
The structural similarity shared by CyP40 and Hop through their TPR domains (Honoré et al 1992; Ratajczak et al 1993) and their common targeting of Hsp90 and Hsp70 suggested that CyP40 and Hop might compete for Hsp70 binding. Figure 5C ,E shows that preincubation of Hsc70 bacterial lysates with increasing volumes of a lysate preparation containing bacterially expressed Hop was able to effectively inhibit CyP40-Hsc70 interaction. Direct binding of Hop to CyP40 was not observed, suggesting that the effect of Hop is mediated via its interaction with Hsc70. Under similar binding conditions, an effect of recombinant Hop on CyP40 interaction with Hsp90 was only observed at much higher Hop concentrations (Fig 5D,F) .
To discount the possibility that similar to Hop, CyP40 might be capable of associating with both Hsp90 and Hsc70 together to form a trimeric complex, we carried out an experiment in which His-tagged Hsp90, immobilized on chelate-agarose gel, was exposed to lysate containing bacterially expressed wild-type bovine CyP40. The gel containing Hsp90-bound CyP40 was then incubated with increasing amounts of Hsc70 bacterial lysate. To eliminate nonspecific binding of Hsc70, wash buffers containing 35 mM imidazole and 0.2% vol/vol Triton X-100 were included in our experimental conditions. As a positive control for Hsc70-CyP40 interaction, we conducted a binding study in which glutathione-agarose charged with GST-bCyP40 was incubated with a corresponding maximal amount of Hsc70 bacterial lysate under identical buffer conditions. We were unable to detect retention of Hsc70 together with Hsp90 and CyP40 even at the highest Hsc70 concentrations used (Fig 6) . Under similar conditions, however, we observed a strong band attributed to Hsc70 retained by GST-bCyP40 (Fig 6) . Increasing levels of Hsc70 had very little influence on the Hsp90-CyP40 binding profile apart from a slight diminution of retained CyP40, consistent with the expected competition of Hsc70 for CyP40 binding. Our results then confirm that the interaction of Hsp90 and Hsc70 with CyP40 is mutually exclusive.
CyP40 does not alter the ATPase activity of Hsc70
The Hsp70 ATPase cycle is defined by a process of ATP binding, hydrolysis, and nucleotide exchange that facilitates the binding and folding of peptide substrates (Hartl 1996) . The intrinsic ATPase activity of Hsc70 is stimulated by Hsp40 family members (Liberek et al 1991; Minami et al 1996) , and this is further modulated by Hsp70-associated TPR-containing cofactors (Hö hfeld et al 1995; Demand et al 1998; Johnson et al 1998; Ballinger et al 1999; Tobaben et al 2001) . Although Ydj-1 stimulated Hsp70 ATPase activity ϳ15-fold, coincubation with CyP40 in amounts up to 4-fold molar excess over Hsp70 failed to alter either the basal level or the enhanced level of activity (Fig 7) . Our results suggest that CyP40 does not play a role in regulating the Hsp70 ATPase cycle.
DISCUSSION
This report presents the first evidence of an interaction between CyP40 and the major cellular chaperone Hsc70 and demonstrates that the association is mediated by a protein-binding interface located within the CyP40 carboxy terminus. Remarkably, structural elements we have identified to be important for CyP40 recognition of Hsc70 are identical to those previously determined for CyP40-Hsp90 interaction (Ratajczak and Carrello 1996) . The essential structural features include the TPR domain in combination with flanking charged subdomains (Rata- , with or without purified human CyP40 at molar ratios equivalent to one, two, or four times the heat shock protein (Hsp)70 concentration. After thin-layer chromatography of the reaction mixture, the ratio of adenosine 5Ј diphosphate and ATP was quantitated by phosphorimaging and used to calculate the level of ATP hydrolysis. ATPase activity is expressed in micromoles per minute. The data represent the means (bars, ϮSE) of results from 3 separate experiments.
jczak et al 1993; Ratajczak and Carrello 1996) . Although we considered that, through its chaperone function, Hsc70 might bind some of the CyP40 deletion mutants by recognizing the nonnative form of these proteins, the strong similarity between the critical binding parameters for both Hsp90 and Hsc70 makes this unlikely. Taken together, our results suggest the existence of a similar binding surface for CyP40 in both Hsps.
Although CyP40 displays a dual recognition of Hsp90 and Hsc70, our study shows that its binding preference is for Hsp90. It is possible, however, that the level of CyP40-Hsc70 interaction achieved in the presence of Hsp90 is still significant in the context of a role for CyP40 in Hsc70 function. Hsp90 is generally more abundant in cells than Hsc70, with cellular concentrations estimated to be in the range of 5-10 and 5 M, respectively (Nadeau et al 1994) . However, localized differences may exist in the relative levels of the 2 Hsps within cellular compartments. Hsp90, for example, is predominantly localized within the cytoplasm of unstressed cells, although some Hsp90 is also present in the nucleus (Gase et al 1984; Akner et al 1992; Perdew et al 1993) . Hsc70, on the other hand, has been shown to be diffusely located in both cytoplasmic and nuclear compartments (Gase et al 1984) . Application of cellular stress results in a redistribution of both Hsps to the nucleus, but Hsc70 also concentrates in nucleoli (Velazquez and Lindquist 1984; Welch and Feramisco 1984) . A cell cycle dependence has been noted for the cellular location of Hsc70, with the protein being localized to the nucleus and nucleolus during S phase (Milarski and Morimoto 1986; Milarski et al 1989) . CyP40 displays a varied localization between cytoplasm, nucleus, and nucleoli in a number of breast cancer cell lines we have examined (Mark et al 2001) , although an almost exclusive nucleolar location has previously been reported for the protein in rat pulmonary endothelial cells (OwensGrillo et al 1996) .
The present study has shown that individual residues defining the TPR clamp domain of CyP40 each contribute significantly to CyP40-Hsc70 interaction. Single substitution of these key residues reduced Hsc70 binding levels to 20%-30% of those seen with wild-type CyP40. Our current results, together with earlier observations (Ward et al 2002) , showed consistently lower binding levels for the mutated clamp residues with Hsp90, perhaps reflecting a steric incompatibility of Hsc70 with CyP40, compared with Hsp90. The mutation of additional TPR domain residues, thought to determine binding specificity for Hsc70 and Hsp90, also significantly inhibited CyP40-Hsc70 interaction. Blatch and colleagues have recently completed a mutational analysis of selected amino acids within TPR1 of murine Hop to establish the significance of these residues in both binding and specificity associated with Hop-Hsc70 interaction (Odunuga et al 2003) . They concluded that strictly conserved clamp domain residues within the first (Lys8, Asn12) and second (Asn43) TPR units of Hop (see Fig 4A) form part of a network of interactions, both within and outside of the TPR domain, that contribute to overall Hop-Hsc70 recognition. They also confirmed the critical importance of Ala49 and Lys50, located within the second TPR motif, in determining Hop-Hsc70 interaction specificity (Odunuga et al 2003) . These residues are topologically equivalent to residues Leu284 and Lys285 in CyP40 (Fig 4A) . Among Hsc70-interacting proteins, there appears to be only a limited conservation of TPR domain residues that mediate interaction specificity (Fig 4A) . The TPR domains of CyP40 and CHIP then may display a broader binding specificity, enabling these proteins to recognize both Hsc70 and Hsp90 (Ballinger et al 1999; Connell et al 2001; Brinker et al 2002) . There is now accumulating evidence that sequences within an extended ␣-helical region, downstream of the TPR domain, may also contribute to the differential recognition of the Hsc70 and Hsp90 chaperones (Ratajczak and Carrello 1996; Barent et al 1998; Ballinger et al 1999; Cheung-Flynn et al 2003) .
Under carefully controlled identical conditions, FKBP52 was shown to inhibit CyP40-Hsp90 interaction but was unable to compete effectively with CyP40 for Hsc70 binding. The result is consistent with earlier observations (Owens-Grillo et al 1996) that FKBP52 does not interact with Hsc70 and suggests that structural differences between FKBP52 and CyP40 may determine the specificity of FKBP52 for Hsp90 interaction.
Hip and Hop are strongly implicated in steroid receptor assembly and target Hsc70 during the assembly process through their protein-interacting TPR domains (Chen et al 1996a; Prapapanich et al 1996; Frydman and Hö hfeld 1997; Lässle et al 1997) . The observation that Hip and Hop can exist together in Hsc70 complexes (Prapapanich et al 1996) suggests that Hsc70 harbors distinct binding sites for these proteins. Functional domains previously described for Hsc70 include a 44-kDa ATPase domain located at the amino terminus and a 10-kDa carboxyterminal fragment thought to mediate interaction with DnaJ-like proteins (Chappell et al 1987; Cyr et al 1994; Hartl 1996) . These functional regions are separated by an intermediate 18-kDa segment proposed to facilitate chaperone substrate binding (Wang et al 1993; Cyr et al 1994; Hartl 1996) . Hip functions both as a regulator of Hsc70 function and as a molecular chaperone and binds to the ATPase domain of Hsc70 in a reaction that is facilitated by DnaJ (Hsp40) (Hö hfeld et al 1995; Hartl 1996; Minami et al 1996) . In the presence of ATP/Mg 2ϩ , a more transient association exists between Hip and Hsc70, eventually resulting in the dissociation of the Hip-Hsc70 complex (Hö hfeld et al 1995; Minami et al 1996; Frydman and Hö hfeld 1997) . The CyP40-Hsc70 interaction is also sensitive to ATP/Mg 2ϩ (results not shown). However, although the CyP40 TPR domain, together with adjacent acidic and basic regions, bears a structural resemblance to that in Hip (Ratajczak et al 1993; Hö hfeld et al 1995; Frydman and Hö hfeld 1997) , we have been unable to demonstrate interaction between CyP40 and the ATPase domain of Hsc70. Our results suggest indirectly that the site for CyP40 interaction is located within the 25-kDa carboxy terminal end of Hsc70.
Hop interacts simultaneously with Hsc70 and Hsp90 through the N-terminal TPR1 domain and the central TPR2A domain, respectively (Chen et al 1996a; Frydman and Hö hfeld 1997; Lässle et al 1997) . A comparison of our competitive binding results between Hop and CyP40 for Hsc70 and Hsp90 interaction showed that Hop inhibits CyP40 binding to Hsc70 more effectively. Under the same conditions, the CyP40-Hsp90 interaction was much more stable, suggesting that Hsp90 might have a preference for association with CyP40 over Hop. This result contrasts with that of an earlier report (Owens-Grillo et al 1996) that Hop blocks the binding of CyP40 to Hsp90 and that a CyP40 deletion mutant containing the essential elements for efficient Hsp90 interaction (Hoffman and Handschumacher 1995) was unable to inhibit Hop binding to Hsp90, even at high concentrations. These findings led to a proposal that Hop and the immunophilins CyP40 and FKBP52 might share common or overlapping interaction sites within Hsp90 (Owens-Grillo et al 1996) . Clearly, our result is more consistent with the second alternative and would be in keeping with a steroid receptor assembly model in which the Hop (and perhaps Hsc70) component of the Hsp90-Hop-Hsc70 complex associated with the receptor is replaced by one or other of the immunophilins and p23 (Chen et al 1996a; Owens-Grillo et al 1996) .
Collectively, our results point to a common interaction site for Hop and CyP40 located within the C-terminal domain of Hsc70. This region mediates peptide binding, displays a regulatory function for Hsc70 ATPase activity, and serves as an anchor point from which DnaJ (Hsp40) can modulate Hsc70 chaperone function (Wang et al 1993; Cyr et al 1994; Freeman et al 1995; Hö hfeld et al 1995; Hartl 1996; Minami et al 1996) . The C-terminal domain is also an essential determinant of Hsc70 self-association, a process thought to be intimately involved in regulating the chaperone function of the protein (Benaroudj et al 1997) . As previously observed for Hop (Demand et al 1998; Johnson et al 1998) , CyP40 was shown not to influence the ATPase activity of Hsc70. The role of CyP40 in Hsc70 function then differs from those defined for other Hsc70-interacting TPR proteins. CHIP, for example, inhibits the refolding of nonnative proteins by blocking the Hsp70 ATPase cycle (Ballinger et al 1999) . SGT, on the other hand, is capable of enhancing the weak intrinsic ATPase activity of Hsc70, and this is dramatically activated in combination with the synaptic vesicle cysteine string protein (CSP) (Tobaben et al 2001) . CSP contains a J domain typical of the universally conserved DnaJHsp40 chaperone family (Georgopoulos and Welch 1993; Hendrick and Hartl 1993) . Similarly, Sti1, the yeast homologue of Hop, has been shown to potently activate the ATPase cycle of Ssa1, a cytosolic Hsp70 family member in Saccharomyces cerevisiae (Wegele et al 2003) . This contrasts with the behavior of Hop in the mammalian Hsp70 system (Demand et al 1998; Johnson et al 1998) . However, Hop interaction with Hsp70 is favored by the conversion of Hsp70-ATP to the ADP-bound Hsp70 conformation resulting from Hsp40 stimulation or during the chaperoning of substrate proteins (or both) (Johnson et al 1998; Hernandez et al 2002) . In a model for the role of Hop in the assembly of Hsp90-Hop-Hsp70 complexes, it has been proposed that initial association of Hop with Hsp90 imparts conformational changes to Hop that allow high-affinity, selective recognition of Hsp70 in the ADP-bound (Hernandez et al 2002) . The model further asserts that protein-protein interactions during Hsp90-Hop-Hsp70 complex assembly may alter both the conformation and function of the individual chaperone components. Recent evidence for the involvement of a second site, upstream of the EEVD motif, as the preferred initial contact in the interaction of Hsp70 with the TPR1 domain of Hop has led to speculation that the EEVD-TPR1 interaction becomes physiologically relevant during ATP hydrolysis and subsequent steroid receptor heterocomplex assembly (Carrigan et al 2004) . The EEVD-TPR1 interaction may then be considered to mediate a regulatory function of Hop.
Through its chaperone function Hsc70 regulates the signal transduction properties of steroid receptors (Pratt and Toft 1997) and heat shock transcription factor (Morimoto 1993). There is now accumulating evidence (Cyr et al 1994; Bohen et al 1995; Hö hfeld et al 1995; Chen et al 1996a; Hartl 1996; Minami et al 1996; Prapapanich et al 1996; Frydman and Hö hfeld 1997) that several chaperone accessory proteins including DnaJ (Hsp40), Hip, Hop, BAG-1/Hap-46 (Takayama et al 1997; Zeiner et al 1997) , and the Nm23-related protein, p16 (Leung and Hightower 1997) , might help diversify the chaperone activities of Hsc70. BAG-1/Hap-46 binds to the ATPase domain of Hsc70 and functions as a potent inhibitor of Hsc70 protein-folding activity (Takayama et al 1997; Zeiner et al 1997) . It is interesting that Hop, through its interaction with the C-terminal domain of Hsc70, has the ability to counter these inhibitory effects . Our observation of CyP40 interaction with Hsc70 lends support for a modulating role for CyP40 in Hsc70 function. An attractive possibility is that CyP40 may mimic some of the actions of Hop. Alternatively, Hsc70-CyP40 association might provide a means of regulating the still undefined cellular function(s) of CyP40.
